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with technical guidance provided by M r .  S. Lieblcin and Mr. C. D. Miller, both 
of the Fluid System Components Division, NASA-Lewis Rcsearch Center. 
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, ABSTRACT . 
I This repor t  descr ibes  a newly developed, efficient, automatic-reduction 
I 
I procedure for  photographic meteor  data. 
pa i r  of films is reduced f rom 24 to 3 man-hours, and this i s  due mainly to 
an electronic computer program that automatically identifies the s t a r s  on a 
photographic film. 
angle and declination of the center  of the star field of the film (the direction 
of the camera ' s  optical axis) and the focal length of the camera.  
The t ime required to process  a 
It is necessary  to know the approximate (* 5"  ) hour 
I 
This automatic star-identification technique can be widely applied to i 
astronomical photographic data. 
New, precisely computed orbits for  357 meteors  a r e  presented. 
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2 Annette Posen' and Richard E. McCrosky I 
1. INTRODUCTION 
During a constant nighttime patrol, f rom Februa ry  1952 to  January 1959, 
a total of 6000 meteors  were  simultaneously photographed by two Super-Schmidt 
cameras  of the Harvard Meteor Pro jec t  in New Mexico. 
I Because of the length of t ime required to process  the films, only a lim- 
ited number of prec ise  reductions have been made in the past  (Jacchia and 
Whipple, 1961 ; Hawkins and Southworth, 1961 ), mainly f rom the data col- 
lected between February  1952 and July 1954. 
a l s o  t reated in  an  approximate fashion (f 57'0 in  velocity) to yield a statist ically 
significant distribution of orbits of meteoric par t ic les  (McCrosky and Posen, 
1961). 
carefu l  reduction, only the small sample of prec ise  reductions can be used 
f o r  any reliable information on this parameter .  
Much of the ea r ly  data was 
I However, as computation of meteoroid dimensions requires  very 
i 
The number,  s ize ,  momentum, and energy distributions of meteoric  
par t ic les  in the so la r  sys tem a r e  of vital interest  to designers of space 
vehicles. 
Smithsonian Astrophysical Observatory.  
Harvard  College Observatory and Smithsonian Astrophysical Observatory. 
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We reviewed the ent i re  reduction procedure,  including the film handling 
and measuring process ,  and investigated new mathematical  and logical tech- 
niques for  data manipulation. 
engines with card-punch capability. 
been compiled on magnetic tape and a r e  thus readily accessible  by electronic  
compute r. 
We now have available precision-measuring 
Large catalogs of star positions have 
We developed a precise-reduction procedure of pract ical  length, and can 
now base our knowledge of the distribution of meteoric  par t ic les  upon a much 
l a rge r  sample of data. 
2 
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2. THE NEW TECHNIQUES 
2.1 General Approach to Meteor Reduction 
The nature of the Super-Schmidt photographic data and of the resul ts  
derived from them a r e  described in detail  by Whipple and Jacchia (1957). 
The fi lms a r e  curved, conforming to the focal surface of the camera.  
They a r e  photographically copied, by gnomonic projection, onto a flat  glass-  
backed emulsion, for  measuring. The cameras  a r e  driven a t  the s idereal  
ra te ;  the meteor  t ra i ls  a c r o s s  the "stationary" s t a r  background. A grea t  
c i rc le  in the sky (the meteor  t ra jectory)  projects into a s t ra ight  line on our 
film. The grea t  c i rc le  is  reconstructed against a background of s t a r s  seen 
f rom two known stations. Triangulation from the two stations yields ranges 
and heights above the mean ear th  f o r  specific points along the trail.  
plane shutter in the camera  interrupts  the meteor t ra i l  to produce a time 
scale,  and the midpoints of the segments into which the shutter chops the 
t ra i led image of the moving meteor  a re ,  in practice,  the points along the 
t r a i l  for  which coordinates a r e  computed. 
by the method of least  squares ,  and represents  the t ra i l  in the remainder of 
the reduction. 
A focal-  
~ 
A straight  line i s  fit to these points 
The heights and distances along the t ra jectory a r e  computed separately 
f o r  the t r a i l  as seen  f rom each station, because point-by-point correspondence 
cannot be made in the absence of an obvious "common point" in the luminosity 
curve. 
ning point, the higher of the two beginning points. 
However, distances along the trail a r e  re fer red  to a common begin- 
Extrapolated preatmospheric velocities should match fo r  the two plates. 
This velocity, with the direction and position within the atmosphere,  and the 
date and t ime of encounter with the ear th ,  serve as input data to  compute the 
heliocentric orb i t  of the body. 
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The data that a r e  fundamental to photographic astronomy a r e  the prec ise  
positions of the s t a r s  photographed as a background to the event of interest .  
Determination of the coordinate transformation (plate constants) f rom plate 
coordinates to sky coordinates of these known stars permi ts  the transformation 
of the plate coordinates of any other points on the fi lm to known directions 
in space,  as  seen f rom a par t icular  station. 
2. 2 S tar  Identification 
The most time-consuming operation in the reduction of Super-Schmidt 
fi lms has been the identification of the star field of the film. 
followed by the selection of appropriate reference s t a r s  for  measuring,  catalog 
lookups , the manual transcription of positions, and the preparation of appro- 
priate punched cards .  This process  w a s  long, tedious, and er ror -prone .  
This s tep was 
The prime contribution of our project was the automation of these s teps  
This accounts fo r  the major  par t  of the difference in t ime in the procedure. 
between 24 and 3 man-hours spent per meteor  reduction. 
The Smithsonian Astrophysical Observatory (Staff SAO,  1966)  has pro-  
duced a catalog of 250, 000 s t a r s  that is available on magnetic tape and suit-  
able for  machine processing. 
to eliminate printed catalog lookup f rom all as t ronomical  photographic work. 
However, there a r e  seve ra l  levels of sophistication in possible approaches 
to this problem. 
Having the data in this form may enable one 
F o r  example, one might simply wish to continue to identify s t a r s  in the 
field visually, extract  their  GC numbers ,  and sea rch  a tape ordered by GC 
number to find the precise  position data a t  a s tandard epoch and equinox. 
If the number of s t a r s  of in te res t  is small, the catalog on tape i s  best  f o r  a 
simple selection by well-established cr i te r ia .  
quickly organize a straightforward but inefficient tape search ,  where an 
approximate position is matched by t r i a l  and e r r o r  within a long l is t  ordered 
on only one coordinate a t  a t ime (e. g. , Wagner, 1963). 
On the other hand, one could 
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The a im of our investigation was to eliminate completely hand reference 
to s t a r  char t s  and star catalogs and a t  the same time to develop within a 
computer an efficient reference system (more efficient than those cited above) 
that could be incorporated within the body of the photographic meteor-reduction 
procedure. 
2. 3 The New Approach to  Star Identification 
Given the nature of the projection of the image of the sky on the photo- 
graphic plate, the focal length of the camera,  the direction of the axis of the 
camera ,  and the plate coordinates of a known direction in the sky, one can 
compute, f rom the plate coordinates of an unknown star relative to  the center,  
an approximate sky position fo r  that s t a r  (see Appendix A ) .  
The uncertainty in the computed position is a function of the quality of the 
image measured,  the accuracy to which the position of the plate center is 
known, both on the plate and in the sky, and the uniformity of scale ac ross  the 
photograph. 
position of the star so  that it can be matched with the appropriate catalog 
position. 
density of the stars in the catalog consulted and by the sensitivity of the method 
used to  d iscard  invalid identifications. 
The predicted sky position must  be sufficiently close to the t rue 
The permissible  "circle  of confusion" is l imited by the population 
A s  Super-Schmidt films a r e  of excellent quality, multiple- and invalid- 
s t a r  identifications can be easily identified by inspection of deviations f rom 
a coordinate t ransformation computed for  two stars that gives generally good 
residuals  when the transformation is applied to all the tentative positions 
assigned. 
sense  a r e  of the o rde r  of 10 p (10 a r c  sec). 
Typical deviations f r o m  a plate-constants fi t  in the least-squares  
To implement the new approach to  s ta r  identification, we organized the 
data in the S A 0  Star  Catalog on magnetic tape in the following form. 
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The s t a r s  a r e  visualized a s  falling within a two-dimensional grid in right 
The dimensions of the gr id  in each coordinate a r e  ascension and declination. 
established by the expected uncertainty in the prediction computation, the 
population density of the s t a r s  within the magnitude range being considered, 
and by the expected range of success  in discriminating between close pos- 
sibilities. 
in right ascension, divided by an appropriate scale into rectangular gr id  
elements. 
f rom i ts  right ascension and declination, and each s t a r  can be assigned such 
a n  address ,  even though some multiple occupancy will occur,  depending on 
gr id  s ize  relative to  population density. 
to the accurate position can be used to simulate a two-dimensional sor t .  
resulting tape catalog of star positions is a one-dimensional l is t ,  and can be 
ordered on this one variable. 
A band one gr id-s tep deep in declinationcomprises a 360'  spread  
Each of these elements can be assigned a unique address ,  computed 
This gr id-address  codeword attached 
The 
However, the search-match must  proceed in a c i rcu lar  fashion about the 
predicted position; therefore,  an  auxiliary representat ion is necessary.  The 
s t a r  catalog i s  actually "plotted" in the computer a s  a s e r i e s  of on-or-off 
binary bits corresponding to occupied o r  unoccupied grid positions. Each 
of these bits has an address  within the s torage block that corresponds to the 
codewords attached to the s t a r s .  The logical operations of the computer a r e  
admirably suited to testing very  quickly the condition of specific addressable  
bits,  such as the eight grid a r e a s  surrounding the predicted position. 
addresses  of "on" bits are used to sea rch  later the ordered codewords on 
tape and extract  the accurate  positions of possible matches.  
The 
The general approach has  wide applicability as an efficient automatic 
star-identification procedure,  readily adaptable to a specific camera  and 
i problem. 
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2 .4  Sta r  Identification fo r  Super-Schmidt F i lms  
. 
Faint  s t a r s  (8th o r  9th mag)  a r e  most desirable for  use as fiducial points 
in the immediate vicinity of the meteor  t ra i l  because of the generally good 
quality of their  images,  which are of optimum size for  accurate  measurement.  
The population of such faint stars in the sky is very  dense. 
cannot be predicted on the bas i s  of the initial data (see Appendix A )  sufficiently 
closely to discriminate par t icular  stars of 8th and 9th mag f rom their  neighbors. 
Because we cannot identify these faint s t a r s  directly, we must  use a two-stage 
approach to the identification of s t a r s  in the immediate vicinity of the trail .  
~ 
Star  positions 
I 
We f i r s t  prepared a plotted "map" and corresponding list (see section 2.  3 )  
Approximate positions a r e  computed for six f o r  s t a r s  of 4. 5 mag o r  brighter.  
of these stars distributed over the plate, and these s t a r s  a r e  identified by the 
process  described above. The grid s ize  f o r  this catalog is 1"  on a side, and 
the total  number of stars is 820. 
With the known sky coordinates of these stars and their  plate coordinates 
relative to  the center,  a closer  approximation to the direction of the camera  
axis can be computed (see Appendix B). 
I With this new center and the newly identified bright s t a r s ,  plate constants 
a r e  computed (coordinate transformation matr ix  f rom plate to sky), which can 
be used to predict  sky coordinates of trail stars to  an approximation of better 
than 6 arc  min. This small gr id  s ize  is then suitable for a search-and-match 
identification of the trail s t a r s .  
The gr id  s ize  used for  this computer plot of the s t a r s  in the sky is 6 a r c  
min in declination and approximately (6 sec 6 )  a r c  min in right ascension. 
The scale  in a is not changed with every band in 6 , but sufficiently frequently 
to maintain reasonably equal s ea rch  a r e a s  over the sky. 
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2. 5 The Mechanics of Process ine  
F o r  efficient use of this new form of s t a r  catalog data, the reduction pro-  
cedure should no longer be thought of a s  a case-by-case process .  
search  data are appropriately ordered, any number of predicted s t a r  positions 
f rom various unrelated plates can be matched on one sequential tape reading 
and a once-through match t e s t  of any segment of the catalog. 
computer time per  case.  
severa l  other considerations. 
If the 
This minimizes 
A compromise must  be made, however, in view of 
We do not wish to process  too large a batch a t  any one time, for  reasons 
If an e r r o r  by the automatic card  punch attached other than ease  of handling. 
to the measuring engine, o r  by the man who assembles  the decks, o r  by the 
computer should stop a run where work to that point is unrecoverable, it  
should not be allowed to waste a large amount of preparation o r  machine time. 
There is a limitation a l so  on the length of a list of approximate positions and 
I matched positions that can be contained in the machine with a convenient 
I segment of the s t a r  catalog. 
The entire br ight-s tar  map and list res ide in the computer core  at once, 
and a l is t  of predicted faint-s tar  positions is generated f rom this information. 
The faint-star map is read  in s o  that th ree  contiguous records  reside in core 
( 3 "  in 6) .  The c i rcu lar  s ea rch  can thus extend a c r o s s  bands in 6 .  An 
ordered list of matched occupied map positions is compiled with case  number 
and s t a r  number attached for  la te r  selection. 
sequentially, 1 "  in 6 a t  a t ime, and a l i s t  of prec ise  positions is compiled. 
The faint-s tar  list is read 
This new star-identification procedure effects  the major  timesaving over 
previous methods. 
procedure to  find possible shortcuts.  
We a lso  investigated eve ry  other aspect  of the reduction 
8 
Electronic computers have been used in the past  to per form the ari thmetic 
involved in the reduction, but there  were  always many breaks for intervention 
by the human computer. 
e r ror -prone ,  particularly in instances where tasks  such as table lookup and 
data transcription a r e  involved. 
most  readily assumed by the automatic computer: averaging of repeated 
measu res ;  selection of the appropriate station coordinates for  the date of the 
meteor  (the stations were  moved seve ra l  t imes) ;  selection of pr,ecession con- 
stants to bring the catalog s t a r  position to  the equinox of the meteor  year ;  
"drawing" of the best  s t ra ight  line through the t r a i l  measu res ;  applying of 
field correct ions to  trail measu res  (corrections derived f rom residuals f r o m  
the plate-constants f i t  as a function of distance along the t ra i l ) ;  and plotting 
of a retardation curve (deviation f rom constant velocity t ra jec tory)  to  i l lustrate 
anomalies in the meteor  behavior or in the measures  (see Appendix C).  
Human intervention is time-consuming and a l so  
The following "bookkeeping" operations a r e  
Measuring engines now available can be attached to automatic card-punching 
Such a device eliminates the need f o r  the m e a s u r e r  to look away readout. 
f rom the machine repeatedly to t ranscr ibe vernier  readings and then la ter  to  
prepare  these data into appropriately formatted punched cards .  
sc rews  have been motorized because the new star-identification technique 
requires  measu res  over a wide a r e a  of the plate, ra ther  than just in the 
vicinity of the meteor.  
a project ior  screen.  
conventional eyepiece, but to suit the new conditions, new approaches had to 
be t r ied  to discover the optimum density of image and focus on tLe copy plate 
in the region of the meteor.  
The engine 
The measuring engine used here  has  been fitted with 
There is l e s s  fatigue for the measu re r  than with the 
The t imesaving in incorporating such simple and uncompromising auto- 
mat ion is v e r y  significant. 
the procedure.  
See Appendix D for  a step-by-step account of 
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3.  EVALUATION O F  PROCEDURE 
We achieved an eightfold reduction in handling t ime pe r  meteor  pair  without 
loss  of accuracy. 
The s t a r  identification is not always successful. The reasons for this are 
not obvious; there  is no apparent inherent reason for failure. 
difficulty in th i s  data sample of grea te r  uncertainty in the center  of the field 
than we would like. At the t ime this information (HAc, 6 c )  was recorded, it 
was not anticipated that i t  would be used in any other way than a s  a guide to 
the appropriate region of the s t a r  chart .  
occurs during the copying process  where the projection center is displaced 
f rom the shutter center in the attempt to  optimize the focus in a par t icular  
region of the field. 
ment in the sky, and a new direction center-North Pole. 
no visual observation to f i t  the time of the meteor ,  and s o  there  is uncertainty 
in the hour angle of the center a t  the appropriate time. 
We do have the 
A fur ther  displacement of the center 
This can be t ranslated only approximately into a displace- 
Sometimes there  is 
There a r e  unanticipated omissions in the catalogs. A new version has  
just  been received, and i t  w i l l  be processed  into the appropriate form.  
The measurer  cannot always judge which of the bright-appearing s t a r s  
on a fi lm a r e  indeed brighter than visual magnitude 4. 5, o r  9, the l imits  f o r  
the two catalogs used. 
The fai lure  rate a t  the ex t reme edges of the field is unexpectedly high in 
view of the generally high quality of the Super-Schmidt films. 
When the s t a r s  have been successfully identified, the reduction proceeds 
in the standard fashion, except f o r  a f e w  new tasks assigned to the machine. 
All measured t r a i l  points a r e  included in the determination of the s t ra ight-  
line trajectory. When this is done visually, obvious spurious points a r e  
10 
. 
omitted (e. g. , in faint regions where the scat ter  of the measures  must  be 
high). 
is used a s  a f ie ld-correct ion curve. However, the field correct ion is r a re ly  
large enough to be troublesome except f o r  very long meteors  o r  those c r o s s -  
ing the center of the field. The retardation curve (see Appendix C )  is plotted 
by machine. 
there  a r e  faint  gaps, difficult to count), or obviously bad measures ,  and the 
effects  of shutter f lutter and camera  vibration. 
winnowing of the dash measu res  was not done for  our sample because these 
i r regular i t ies  occur infrequently. However, the velocities used a s  orbit input 
were  determined by careful inspection rather  than directly f rom the derived 
relation between D and t along the trail (see Appendix C). 
The curve is fitted by machine to  the plate-constants deviations and 
It should be inspected fo r  obviously misnumbered dashes (where 
(See Figure C-1 .  ) This 
However, meteor  data cannot be handled entirely in a routine fashion. 
Exper t  judgment is required at severa l  points. 
at tempt to  circumvent this, we have programmed a computer plot fo r  ready 
reference to judge the success  of the programmed decision. Unfortunately, 
decisions that help to compute meaningful initial velocities and midtrajectory 
decelerations have not yet been successfully programmed. 
by the p rogres s  made, but are not yet prepared to apply the method to large 
quantities of data. 
Where we have made an  
We are encouraged 
The probable e r r o r s  of the velocities have been deliberately omitted since 
we have not yet devised a consistent and satisfactory scheme fo r  extrapolating 
the observed velocity to the preatmospheric velocity required to zompute the 
orbit. A t  present ,  
to a relation between the distance D along the t r a i l  and time t : 
all measured daslies a r e  included in a least-squares  fit 
kt D = a t b t t c e  , 
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f rom which we derive 
If the meteor duration is g rea t  enough and the basic  data a r e  accurate  enough, 
this formulation is most  satisfactory. 
i f  these conditions a r e  not fulfilled. 
must  be inspected to  determine the best  method of computing the velocity and 
probable e r r o r s  f o r  each individual case.  
s idered in our sample because of their  importance in orbit  computations. 
Decelerations a l so  a r e  not available on an  automated impersonal  bas i s  for 
consistent computation of masses .  
But spurious resul ts  a r e  often obtained 
It appears  that the derived quantity D 
Velocities were  individually con- 
W e  have made no photometric measu res  on our sample of meteors ,  but 
we have tried to devise a reasonably simple impersonal method of machine 
densitometry, as opposed to the visual method used in the past. 
4. THEDATA 
A total of 415 pa i rs  of Super-Schmidt meteor  camera  films have been 
measured and reduced by our new semiautomated procedures  described 
above. F o r  357 of these we were able to  compute orbital  elements. 
remaining 147' failed at some prel iminary stage of the computations, mostly 
f o r  one of the following reasons:  
The 
1. 
2. 
The s t a r  catalog was incomplete. 
S t a r s  of negative declination w e r e  not identified because of an  
uncorrected e r r o r  in the machine program. 
Meteor trails selected as a pa i r  were actually photographs of two 
different objects. 
Meteors near  the edge of the field presumably suffered from a general  
degradation of the star-prediction process  for  stars very f a r  f rom the 
projection center and in poor focus as the extreme edge of the fi lm is 
reached. 
3. 
4. 
Tables 1 and 2 present  the orbital  and t ra jectory data for  these 357 meteors .  
F igu res  1 to 5 i l lustrate  the frequency distributions of the orbital  ele- 
ments  l / a ,  e,  q, i, and the meteor  velocity V used to compute the orbits. 
The charac te r i s t ics  of these distributions a r e  s imi la r  to those obtained by 
McCrosky and Posen (1961) and by Hawkins and Southworth (1961), the la t ter  
indicated by solid-line plots on Figures  1 to 5. 
00 
The large number of hyperbolic cases  relative to the sample of Hawkins 
and Southworth ref lects  our difficulty in selecting the appropriate Vm without 
the very  careful  examination customarily used. (See Section 3 .  ) 
The following is an explanation of column heads used in Tables 1 and 2. 
Orbital data a r e  r e f e r r e d  to Equinox 1.950. 0. 
f i lm Fi lm number in SL camera  se r i e s  - always used a s  station 
A of the pair  
mo/day/yr  
a 
e Eccentricity 
q 
9' 
W Argument of perihelion (degrees)  
52 
i 
c. w. Cosmic weight ( see  Whipple, 1954) 
Date and t ime of day in  U. T. fo r  meteor  occurrence 
Semimajor axis  (a. u. ) 
Perihelion distance (a. u. ) 
Aphelion distance (a. u. ) 
Longitude of ascending node (degrees)  
Inclination of the orbi t  plane to the ecliptic (degrees)  
A Elongation of the t rue radiant f rom the apex of ear th ' s  motion 
(deg ree  s) 
ao, 6" True  radiant of meteor,  right ascension and declination 
(degrees) 
Cosine of the zenith angle of the apparent radiant 
Number of shutter breaks  visible on the SL trai l  
(0. 0167 sec /break)  
Number of shutter break a t  maximum light on SL film 
Beginning and end heights (km) computed for the trail at each 
station denoted by A, B 
czR 
"A 
ML n 
H BEG, END 
Height a t  maximum light, computed for SL t r a i l  H~~ 
sin Q 
V 
vG' vH 
Q is the angle between the apparent g rea t  c i r c l e s  of motion 
a s  seen f rom the t w o  stations 
Meteor velocity (km/sec )  outside ear th ' s  atmosphzre 
Meteor velocity (km/sec) ,  relative to ear th  and to sun, 
r e  spec tively 
00 
14 
cn 
% 
Id 
k 
M 
0 
0 
c, 
% 
c 
0 
Id 
.d 
c, 
c, 
cn 
I 
a, 
1 
0 a 
3 
G 
-2 c u 
(A 
I 
k 
a, a 
3 
(A 
E 
0 
k w 
id 
c, 
id a 
id 
4 
c, .e
f 
0 
k 
0 
a, 
c, 
2 
2 
4 
a, 
I3 
n ~ - c m u ~ ~ w o w m - ~ ~ c m n m n c ~ ~ r ~ - u n u o ~ c m m ~ ~ ~ - - o o o m o m n ~ u m ~ ~ c ~ ~ ~ u a u n u  
~ m u - ~ m m w ~ e ~ ~ ~ ~ ~ e m w n w c ~ u ~ - m c n c ~ n ~ ~ ~ ~ ~ - u n n ~ ~ n u ~ n ~ n ~ n - ~ ~ u ~ u u - ~ m  
........................................................... 
UNN N - u m u c -  -- Q n e m 0  u n r  r( U u U + d N  d N  
4 --- - --- 4 4 - 4 -  
~ ~ ~ n ~ ~ w ~ ~ m m w ~ ~ ~ u ~ ~ ~ u e ~ o ~ ~ o ( ~ ~ ~ - ~ - v u u - u w ~ - m u - m ~ u u - ~ ~ ~ ~ v ( ~ c ~ - v a ~ ~ ~ w  
m r a v  c o w  w u nl m e  e v (F m r. VI u w u u u Q o .v w c w u - 0)  VI u) P m e  c u m o UI u - a m  v w v u n -3 c u~ 3 u N U S  e 
0 - v ~ w u ~ ~ ~ ~ ~ ~ ~ ~ c ~ ~ o c w ~ w ~ ( ~ ~ u ~ u u u ~ w v w ~ c ~ ~ c w m ~ v ~ - w v w w ~ ~ w w u u ~ ~ ~ ~ ~  
- u v u u u u u u v u v o u u u - v o u v u v . ~ u v v ~ u v u u o o v v u u v v u v u v u v u u ~ o o u u u u u u u  
........................................................... 
c, 
O ~ ~ ~ N O O O - - - N N N N N ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ m m m ~ m ~ m m m m m m m m u u u u u u u u u ~ - ~ N u u u  ............................................................ c C m o o o - - - - - - - - ~ - - - N N N N N N Q Q o o o o U U U o a O V - - - - - - - - - - - - - - N N N N U O O m V I V I  
9 u u 9 Qc c VI e c c VI rn c UI m m VI u . m VI VI m con m m e LA e c ,n Q 9 Q Q .c 9 Q w Q Q Q o G 9 0 w Q a~ u n 0 0 c c c c - 
N N  N NN NNNNN NNNN NNN N W N N N N N  N NNNNNN N NNNNNNNNN 
16 
r 
W 
w n -  
5s; 
w ( D c  
m m N . .. 
C P Q  
NNN 
' c c m p c ,  
0 D P W U  
- - m n o  ..... 
w w w w w  
NNNNN 
o o u a n  
m m m m m  
P I W Q  
m e h l o  
Q * N ' U  
o c o o  
I r n n  
0 0 0 0  
m m m m  
.... 
CI u 
... 
r n n  
NNN 
00-U 
m o o  
"3 u e 
n a a  
u n m  ... 
0 0 n  
N 
n m c c  Pori 
. . . .  
m n u c  
NNNN 
. . .  
e "I In 
lY 
Ul N Ll  
- e o  (Pnu 
o m -  
? ? ?  . . .  
a** 
N 
e 0 m 0 
c In
V 
V 
VI 
c m o  
u "I  u 
n N Q  
C w m  
u1 Q 'V 
a - m  
... 
d 
N 
U 
B 
J 
.* 
U 
h 
d 
u 5 
3 
Y 
u 
a 
c 
a" 
18 
. 
N 
V 
ro 
0 
r’ 
0 
.* 
C 
h 
3 c, 
u 
Y 
.-I CT 
u 
cd 
C N F  
C Q I  m C N  
- m m  
w m m  ... 
Q C C  
d-4 
m 
0 V
I w 
c 8 -  
Q D V  
0 0 -  u P u\ 
N V Y )  
N - 4  ... 
Y1 u Y 
0 0 -  
m v w  
NNN 
u o u  
2 X E  
. . .  
. r n l m o -  
. . . . .  
20 
m c a 
cd 
k 
M 
0 
0 c a 
c 
0 
cd 
c, 
..-i 
c, 
c, 
II) 
I 
a, 
P 
I 
0 a 
I+ 
4 
'2 
-3 
? 
k 
a, a 
I 
m 
0 
k 
w 
cd 
c, 
cd a 
x 
k 
0 
u 
a, 
cd 
k 
k 
0 
a, 
E 
c, 
c, 
c, : 
(u 
a, 
cd 
I3 
3 
6 
d .- 
Lr 
X > 
>v 
8 > 
0 
e 
I 
.- 
n z 
W 
Xm 
X4 
2 
n z w 
X 
V 
W 
m 
X 
V 
W 
m 
m 
X* 
cl 
2 
P 
~ a o o o o o o o o o o o o o o o o o o o o o o o a o o o o a o o o o o o o o o o o o o o o o o o o o o o o o o o o o  
I. VI c P m e  VI nf- Y u o. 0 - N  Y q N W I  v o - m .rtv I- mi u CI w r m  I I 11 m e  u N I v 01 -N I Y N  m N -VI I VI w u u u I\ I- 
~ ~ u m ~ ~ m ~ n ~ - ~ n ~ o ~ ~ n m ~ ~ - ~ n o ~ ~ ~ ~ ~ f - ~ ~ - - u ~ ~ - ~ - u m o n m o n ~ ~ ~ m - ~ m ~ ~ ~ - o ~ m  
~ f f ~ ~ w n ~ w ~ ~ m ~ ~ ~ f - m ~ ~ ~ ~ v ~ ~ ~ ~ f - ~ ~ ~ ~ m m ~ ~ m ~ ~ m r ~ o ~ r m m m - m ~ ~ f - - - o w - ~ ~ ~ w m ~ ~  
o o o o o o o o o o o o o o o o o o o o o o o o a o o o o o o o o o o o o o o o o o o o o c o o o o o o o o o a o o o  ~ ~ ~ u ~ ~ ~ ~ ~ ~ u ~ a v m ~ u u v v v u u o u ~ ~ o n u m a v o u v v v u o v v ~ . ~ o u u u u u o u u v u w v ~ u u  
~ u ~ m ~ ~ ~ ~ m ~ - m n ~ ~ ~ - ~ ~ ~ ~ ~ m ~ ~ ~ u n u ~ ~ - ~ m u ~ v n m o n v u u m m v ~ - ~ - m u - ~ - ~ u - o ~ ~  
v ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ o o ~ ~ ~ r ~ - u f - m o n ~ r - n u ~ ~ ~ a m o m ~ m ~ m ~ f - a ~ v m ~ ~ ~ - o n w ~ ~ o ~ ~  
Q ~ ~ ~ ~ - ~ ~ ~ N I - - N ~ N I N ~ Q ~ ~ ~ Q U N N - I - N I ~ ~ N ~ ~ ~ N N ~ I Y - ~ ~ ~ ~ ~ N Q ~ ~ - - I ~ ~ - ~  
.......................................................... 
Y * m N * + n O O N I  - N - N I r N Q N m O Q Q N N I I a N U N N N N ~ N N  -9 -  9 C N O N Q N N a d w N N d I  
........................................................... 
21 
E 
4 
.I 
lu 
X > 
u > 
U 
Q 
._I 
m 
E 
Xm 
w 
n z 
W 
X 
4 
2 
X 
u w 
X 
u w 
X 
m 
m 
m < 
a< 
U Q N - ~ P ~ ~ ~ ~ I P - I ~ N N U ~ U N ~ - C U ~ ~ P ~ ~ ~ P P ~ - I - ~ ~ ~ ~ ~ P N ~ - P P ~ ~ - N ~ ~ Q ~ N U ~ ( ~ ~ ~  ............................................................ 
- ~ ~ u ~ m ~ ~ ~ u w ~ ~ w m - u - ~ ~ - ~ ~ n ~ c ~ ~ u - w o ~ n w w ~ n ~ ~ ~ ~ ~ c ~ ~ ~ ~ m ~ m m v ~ ~ u ~ n ~ ~ ~  
v (u v w v r- v a ' v  01 v a , u  v v P u P ID u (P w N rn c (I. 01 w u m 01 v o v .x, w c m w P P w w m m P P u c u 4) L'P Q u a c 5 c 
- 4 -  d 4 4 d d -  
22 
0 > 
0 
C 
._1 
(D 
a z 
W 
XPa 
x4 
2 
Q z 
W 
X 
0 
W 
(9 
XPa 
0 
W 
Pa 
X 
4 
ci 
P 
0 0  w m
4 4  
O N  
O N  
0 0 0 0  
C U I C  
- 1 9 -  
N N N I  
".?9 
0 0 0  u m r  
O C - .  
(YNN 
... 
r n m  
0 0 0  
N I I  
O Y ) C  
e-- 
O I I  
... 0 0 0  I W U  ? F W  . .  
n C N  
O I N  
0 C
W 
0 00  
I W l -  
- m 0  
N - C  
N C I  
... 0 0 0  N-U NU- ... 
I m m  
u n w  
0 0 0 0  
O F Y * W  
C U I 0 9  .... 
C W I V P -  n- 
0 0 0  
NU- 
O N N  
m D N  
I m d  
... 0 0 0 0  O D W a  
C m D Q  
I u m N  
- w m m  .... X:R 0 Ir c> 
W O N  
- m m  
... 0 0 0  w 4 Y, O * N  
Y ) N m  
... 
m m ~  
0 0 0  
u w w  
" 0  . . .  
N W LI 
O I O  
23 
E - ." 
I4 
X > 
0 > 
>* 
a 
C ." 
Io 
E 
Xa 
E 
x4 
W 
W 
el 
2 
X 
U w 
Q 
Xm 
U 
W 
X 
m 
4 
3 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
w P w m P c - UUI mu\ n N I- n o c I- w u m u r- 4 01 u -N w u m o -N w u o u Q P P I- e w i  u m m P * c w u o m w YI * w w 
~ n ~ ~ u u ~ ~ m ~ o ~ ~ ~ o v ) ~ 6 ~ v ) m ~ - o o ~ m n o ~ - - ~ ~ o ~ ~ u ~ ~ ~ n - ~ ~ ~ r - ~ v ) ~ r - - o o m m c y m ~ ~  
~ ~ w ~ u ~ m ~ m w ~ ~ ~ n ~ m c o n ~ ~ - ~ ~ ~ - ~ - m u u m o w ~ w ~ v ~ w ~ m ~ n m o ~ o ~ - ~ o w w ~ - - e ~ - o ~ - v ) w v e  
V \ - - N I I N ~ Q ~  o ~ l - ~ r l ~ m w o m  ~ Q - Q - N -  N O N ~ N ~ Q N - N Q N N N - N ~ N - ~ ~  ~ w m m m m ~ o  
............................................................ 
24 
.- E
c4 
X > 
W > 
.8 
0 
.1 c 
n 
a 
z 
W 
X 
m 
n z; 
4 
X 
cl 
I 
X 
W 
W 
X 
0 
W 
m 
X 
m 
m 
4 
cl 
2 
4 
25 
h 
U 
F: 
0 u 
Y 
26 
In 
.Pi 
X 
rd 
k 
0 .- 
E 
a, 
In 
27 
J 
I I I I I I I I I I 
0 
In 0 In 0 In - O N  N In m In 0 In 0 In I n *  * rr) 
z 
28 
55 
30 
25 
20 
N 
15 
I O  
5 
Figure  3 .  Distribution of meteor orbits in perihelion. distance. 
Line plot: Hawkins and Southworth (1961). 
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Figure 5. Distribution of meteor velocities. 
Line plot: Hawkins and Southworth (1 96 1). 
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APPENDIX A ~ 
I 
I 
There is in the Super-Schmidt camera  a focus post, which is photographed 
as a shadow on the periphery of the film. 
to the plate center  defines the center-North Pole direction. 
the shutter center  on the film is well-defined. 
approximate ( z t  5" ) direction of the camera  axis when he se t s  the position 
c i rc les  of the camera  a t  the beginning of each exposure. 
The line joining this marke r  (N)  
The position of 
The observer  records  the 
A gnomonic projection is used in copying the spherical  Super-Schmidt 
films onto flat glass  plates. 
jection. 
in the sky, according to 8 = tan 
Thus, we can plot the center of the field, the north direction, and the position 
of the s t a r  relative to these on a representation of the celest ia l  sphere. See 
F igures  A - 1  through A-3. 
Angles a r e  preserved a t  C, the c e n t e r  of pro-  
Distances along a radial  direction r t ransform into angular separation 
r / f ,  where f is the focal length of the camera.  -1 
Applying spherical  trigonometry, we can compute for the unknown s t a r  
(:%), 90 - 6.,L and Aa . The sign of h a  is determined b y  the right- o r  
left-handedness of the se t  NC:::. 
-,* c *  c, ::: 
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r =f tan 8 
Figure  A-1. In the camera.  F igure  A-2. On the film. 
N C,P 
Figure  A-3. In the sky. 
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A P P E N D I X  B 
Given the measured plate coordinates and the sky coordinates of three 
to s ix  bright stars, as well a s  the plate coordinates of the center,  one can 
solve the se t  of equations, 
where A,, p;::, v.,. a r e  direction cosines representing the spherical  coordinates 
of the stars; the 8, a r e  angular separations of the s t a r s  f rom the center a s  
computed f rom their  radial  distances and f rom the focal length of the camera ;  
and Ac’ Pc, v 
coordinates of the center.  
,,- 
-4- 
a r e  the required direction cosines representing the spherical  
A measure  of the success  of the fit can be obtained by comparing the 
cos 8 computed f rom the new center coordinates with the input cos 8,; -,. 
A fur ther  check should be made by comparing the plate-constants fit 
r e f e r r ed  to  the new center with that referred to the original input center.  
35 
A P P E N D I X  C 
The basic data computed fo r  the t ra jectory a r e  the distances f rom some 
zero  point for each t ime segment along the trail .  
The form of the relation between distance and time is assumed to be 
kt D = a t b t t c e  , 
t =  -00 ,  where b is identified with the no-atmosphere velocity, V 
and ck2ekt with deceleration of the body. 
= (dD/dt) co 
The so-called "retardation curve" (see Fig. C-1)  is a plot of 
where the subscript  0 r e fe r s  to the first measured  dash on this plate, and 
Vb is  a mean beginning velocity computed f rom AD/At for  the f i r s t  severa l  
dashes. 
There is a departure f rom the method outlined in Whipple and Jacchia 
(1957).  
by eye. 
a least-squares fit to a, b, and c produces a minimum r m s  deviation. 
The  search  for k i s  made by machine, not by drawing a smooth curve 
F rom a given start ing value, a sea rch  is initiated for a k f o r  which 
. 
The minimum is, in practice,  ve ry  shallow and broad, and often oscil-  
latory. This i s  not entirely satisfactory.  However, the c r i t i ca l  quantities 
b and dV/dt a r e  relatively stable. 
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APPENDIX D 
THE METHOD IN DETAIL 
Fi lms a r e  selected in a convenient batch s ize  f rom the l ib rary  of 6000 
pairs.  They a r e  examined, appropriately paired, and marked for  copying 
onto glass plates. 
transcribed and punched into cards.  
guide the measu re r  when the plate is  on the measuring engine. 
morning's o r  afternoon's measuring i s  gathered for a sitting. 
easily prepare in the morning the three  o r  four plates that he can comfortably 
measu re  in the afternoon; the number depends on the quality of the images, 
the lengths of the t ra i l s ,  and related factors.  
While they a r e  being copied, the t ime and region data a r e  
The g lass  plates a r e  fur ther  marked to 
A convenient 
A m a n  can 
The original observers '  records  contain data on the approximate center  
of the field, the beginning t ime of the exposure, and the t ime of any visual 
event. The measu re r ,  while preparing his f i lms, mus t  extract  these data. 
He must  establish that a mate  exists, and then collect a l l  the pertinent in- 
formation 
projection onto a flat plate by the copying camera  has  optimum density and 
focus in the region of the meteor. 
of points to be measured other than along the t ra i l :  
center, projection center,  and six bright stars. 
He m a r k s  the spherical  film for  the photographer so that the 
He then m a r k s  the plates for identification 
the north point, shutter 
The initial division of the computer p rogram is  as follows: 
A. Read in "library" data: 
up to a total of 2 5  stations '  coordinate ca rds ;  
up to a total of 25  precession m a t r i x  ca rds ;  
bright s t a r  map, l ist ,  and key. 
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1
* 
B. P rocess  each pair: 
L Identify station by film number. 
Extract  precession constants appropriate to year  of meteor. 
Compute s iderea l  t ime corresponding to input LST 
Take means of repeated measures .  
Identify the nature of each measu re  by a code on its card. 
Compute effective (HA), by applying the t ime lapse between the 
exposure beginning and the meteor  time, and the displacement 
of the projection center f rom the shutter center on the plate. 
Compute predicted sky coordinates for  each bright s t a r ,  one plate 
at  a t ime,  and its corresponding grid number. 
Search  the nine grid positions of the map centered a t  this point and 
accumulate possibilities. 
If fewer than four s t a r s  a r e  matched with possible positions, d i s -  
place the center  by 2 "  and t r y  again (four times). 
If at leas t  four s t a r s  a r e  picked up, proceed to extract  f rom the l i s t  
p rec ise  corresponding positions. 
Compute a plate-to-sky coordinate transformation fo r  pa i r s  of these 
s t a r s  two-by-two, selecting for  each solution the set  of the other 
s t a r  positions that gives the "best fit, I '  discarding individual stars 
with deviations >50p, o r  solutions with mean deviations greater  
than this. 
Select  the best  fit,  and use  these stars as the basis  for a least-  
squares  plate- constants solution. 
If no satisfactory fit exists, move the center and t ry  new predictions 
where the center  is allowed to  move by 2"  in each coordinate 
(a, 6 ) .  
If the effective focal length from this solution i s  satisfactory (within 
3. 5% of the accepted value), use these s t a r s  to compute an 
improved position of the projection center (Appendix B). 
With this  new center,  perform a new least-squares  plate-constants 
computation f o r  use to predict sky coordinates of the measured 
faint s tars .  
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CoEpute the grid codewords corresponding to these positions, and 
attach the plate number and s t a r  number to them. 
Write on a scra tch  tape the plate identification, direction cosines 
of center and standard plate coordinate axes,  focal length, plate 
coordinates of faint s t a r s  and t ra i l  dashes,  and precession con- 
s t ant s. 
Compute relative station coordinates of the pair. 
Write on tape for use  in t ra jectory computation: all date and t ime 
information, station coordinates, camera  and shutter information, 
and t r a i l  measu res  for  the pair. 
C. Order  the l i s t  of predicted positions for  faint s t a r s  for  all 20  pa i r s  of 
the batch by declination and codeword to correspond to the catalog o rde r .  
Read in three records of faint-star map  at  a t ime flanking the next 
6 of interest ,  and extract  codewords of occupied grid positions 
surrounding the predicted positions. 
Sort  again on 6 and codeword. 
D. Read the faint-s tar  l ist ,  degree by degree,  and extract  positions for 
the s t a r s  picked up f rom the map. 
Order  the entire batch on plate number and s t a r  number. 
E. Do the following for  each plate: 
Read in the data previously wri t ten on the scra tch  tape. 
Set up the faint-star measu res  with the corresponding possible s t a r  
po sit ions. 
Per form trial plate-constants solutions and so r t  out valid identifi- 
cations a s  for  bright s tars .  
Apply precession. 
Compute a fit to the field-correction curve. 
Apply field corrections,  according to this curve,  to the t ra i l  
measures.  
Compute constants for a leas t - squares  straight line through both 
corrected and uncorrected t ra i ls .  
Produce reference plots to  help judge the success  of these curve-  
fitting operations. 
F. Write on tape for  use in the trajectory computation: 
t r a i l  measu res  a l tered by the field corrections,  and constants for  equation 
of line with and without field corrections.  
plate constants, 
L 
At this point, the computer program terminates.  F o r  sample output, see 
pages 42 through 44. The two tapes for further processing a r e  saved. The 
output to date is examined. One must  consider: Were there any failures of 
plates to proceed to this point? Do the plate-constants solutions indeed look 
reasonable? Does application of the computed field correct ion improve the 
appearance (s t ra ightness)  of the t ra i l?  Are there scat tered t ra i l  measu res  that 
unrealist ically affect the determination of the t ra i l  equation? (Computer plots 
of field correct ion and of trails a r e  provided for perusal.  ) 
Having decided which pa i rs  warrant  continued processing, prepare  the 
following input to the next programmed section: 
a. In the o rde r  of the previous section, one card for  each plate, with 
the film number in the f i r s t  eight columns, and a tag on those ca rds  
for  plates for which the computed field correct ion should be omitted. 
The two data tapes  prepared by the f i r s t  programmed section. b. 
The second program proceeds with a standard meteor- t ra jectory com- 
putation. F o r  sample output, see  page 4 5 .  
These data  a r e  now checked f o r  inner consistency, for  reliability of the 
solution for  velocity and deceleration, and for  any atypical behavior. 
A "best" no-atmosphere velocity is computed to be used a s  input to the 
o r  bit computation. 
The input to the orbit-computation program consists of the following: 
a. ca rd  "2" punched by the trajectory program, with V inserted, and 
b. 
00 
c a r d  "1" punched by the star-identification program. 
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